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(54) ' Friction stir grain re fine ment of structural 

(57) "The present JrwentKjn provides an Unproved 
structural assembly (10) constructed of a plurality of 
structural mernbers (tl j secured together At least one 
of trie pturaffiy of structural mernbers defines a first re* 
gion (il) chaj^edzed by compa^ 
tionaJ stress and a second region having a locsty refined 
grain struc&re (i 6) posa^edsuch that the second re- 
gion atjeast partially eraompasses ■ tr»1^ , ;r^jiw > to > ' 
mei^ enharice the sbength . toughness and fatigue re- 
sistance of the at least one structural rnen^er in the first 
region The present invention aJsb provides a method 
for selectrvety improving the stren^ltoughness and fa- 
tigue resistance of a structural member In a region of 



high openation^ 

structural member art a pro-selected conflc>jTatf6h: Re- 
glons of the structuraJ member having «»rnparHtrver/ 
hrgti operational stress are foentTied. The region of the' 4 
struc tu r ai m err^ ^ te 

al stress Is then mixed Wah . alotahn g friction stir weidmg 
probeloibca^ 

member wihln the re^m of high operational stress to 
thereby irqsrove u^ fatigue re^ 

stsfahce of the stmcturaJ m«rt>er in trie region: The im- 
proved structtiTU^ assernbfy wit have imaeased op- 
erational life; as wel as require less stock matonaTvWtfr 
a corresponding decrease In the overal weight of the 
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Descf^stfon 

Field of the Invention 

[0001] The present Invention relates to selectively im- 
proving the material properties of structural members 
and, mora particularly, relates to selectively refining the 
grain structure of structural members. 

Background of the Invention 

(0002] Conventional structural assemblies, such as 
those used In the manufacture of mJltary and commer- 
cial aircraft are commonly fabricated from a plurality of 
structural members secured together to form a butt-up 
structure. The structural members are typically forged, 
machined from stock material or cast in various config- 
urations from steel, stainless steel, magnesium, mag- 
nesium alloys, copper, copper alloys, brass, aluminum, 
aluminum alloys, or trtaruum. 

[0003] During use, aircraft structural assemblies are 
s ubjected to state and cycle toads, as well as a variety 
of environmental conoSJons. temperature variations, 
and severe acoustic and vtjration environments, ai of 
which create mechanical and thermal stresses. Whie 
these operational stresses generally exist throughout 
the indrviduaJ structural members forming me etnjctijr^ 
assembly, certain regions of each structural member are 
typically subjected to comparatively higher magnitudes 
of stress. For example, under cycle loadrng conditions, 
threaded openings machined into a structural member 
to f ac ilt a te attachment to other structural members 
when forming a structural assembly can signficantry in- 
crease the stress, in the Immediate vicinity of the open- 
ing. High operational stresses can lead to micro-crack- 
ing or fracture of the structural members of a structural 
assembly, which can result in the eventual failure of the 
assembly. In addition, due to the large number of parts 
and fasteners utilized In the construction of conventional 
structural assembles, maintenance, repair and replace- 
ment of structural members, ff necessary; can be time 
consuming and labor Intensive, which can be costly over 
the Sfe of the assembly. 

[0004] In seeking to enhance the strength, toughness 
and fatigue resistance of structural members and, thus, 
increase the useful fife of structural assemblies, design- 
ers have modtied the dimensions of the structural mem- 
bers in the regions of high operational stress, for exam- 
ple, by Increasing the thickness of the mernbors in these 
regions. Designers have also experimented with substi- 
tuting more exotic and, typically, more expensive types 
of materials for use in the fabrication of the structural 
members. Structural members can also undergo precip- 
itation hardening whereby the members are solution 
heat treated and then aged at predetermined tempera- 
ture schedules to thereby Improve the grain structure 
and, thus, the material properties of the members. How- 
ever, the precipitation hardening process can be time 



and labor Intensive and provides only Bmrted improve- 
ment of material properties, and even selective Increas- 
es rn the thickness of a structural member can negative- 
ly increase the overall weight of the structural assembly, 
5 as weO as resulting in increased material cost 

[0005] Accordingly, there remains a need for im- 
proved structural members and methods of manufac- 
ture that wtt Increase the operational life of structural 
assemblies. The improved structural members must 
10 have enhanced strength, toughness and fatigue resist- 
ance, especially in those regions subjected to high op- 
erational stresses. 

Summary of the Invention 

15 

(0006] The present invention provides a structural 
member defining a first region characterized by compar- 
atively high operational stress and a second region hav- 
ing a more refined grain structure than other portions of 
20 the structural member positioned such that the second 
region at least partjafly encompasses the first region to 
thereby soiectrvery frnprove the strength, toughness and 
fatigue resistance of the structural member In the first 
region. The structural member may be formed from 
25 steel, stainless steel, magnesium, magnesium-based 
afloys, brass, copper, beryiium, berylBum-copper al- 
loys, aluminum, aluminum-based aloys, aluminum-zinc 
aloys, aluminum-copper afloys, aluminum-lithium al- 
loys, or titanium. 
so [0007] The second region can be defined based upon 
the particular region that w« be subjected to compara- 
tively high operational stress. For example, the structur- 
al member may define a threaded opening at least par- 
tiafly contained wthin the second region. Alternatively, 

39 the structural member can have an l-shaped configura- 
tion having opposed end portions and a web intercon- 
necting the end portions, wherein the second region en- 
compasses at least a portion of the web of the l-shaped 
member. In another embodiment, the structural member 

40 has an l-shaped configuration wherein said second re- 
gion Includes at least a portion of at least one of said 
opposed end portions. In yet another embodiment, the 
structural member has a tubular configuration- In still an- 
other embodiment, the structural member defines a piu- 

43 rafity of regions having refined grain structures, wherein 
the regions are spaced apart and generally parallel. In 
sttf another embooSrnent, the structun^l member defines 
a first set of regions having refined grain structures and 
a second set of regions having refined grain structures. 
50 The first set of regions are spaced apart and generally 
pareJel. The second set of regions are spaced apart and 
generaly parallel and wherein the first set of regions In- 
tersects the second set of regions to thereby define a 
plurality of containment zones. 
55 [0006) The present Invention provides a structural as- 
sembly inducing a plurality of structural members. The 
pfcirality of structural members are secured together to 
form the structural assembly. The structural members 
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may be formed from steel, stainless steel, magnesium, 
magnesium-based afloys, brass, copper, beryllium, be- 
rylRum-copper afloys, aluminum, aJummum-based al- 
loys, aluminum-zinc alloys, akjminunvcoppei alloys, 
aJuminum-Othium aloys, or titanium. Al least one of the s 
plurality of structural members defines a first region 
characterized by comparatively high operational stress 
and a second region havtog a more refined grain struc- 
ture than other portions of the structural member posi- 
tioned such that the second region at least partially en- *£> 
compasses the first region to thereby selectively im- 
prove the strength, toughness and fatigue resistance of 
the at least one structural member in the first region. 
[0009] The second region can be defined based upon 
the particular region that will be subjected to compare- ' * 
tivefy high operational stress. For ex am ple, the at least 
one structural member may define a threaded opening 
at least parti ally contained within the second region. Al- 
ternatively, the at least one structural member can have 
an l-shaped configuration having opposed end portions 20 
and a web interconnecting the end portions, wherein the 
second region ertcompasses at least a portion of the 
web of the l-shaped member. In another embodfrnent, 
the structural assembly has an l-shaped configuration 
wherein said second region includes at least a portion 25 
of at least one of said opposed end portions. In yet an- 
other embodrnent, the at least one structural member 
has a tubular configuration. In stiU another embodiment, 
the at least one structural member defines a plurality of 
regions having refined grain structures, wherein the re- 30 
gions are spaced apart and generally paraSei In stHl an- 
other e mb odiment, the at least one structural member 
defines a first set of regions having refined grain struc- 
tures and a second set* of regions having refined grain 
structures. The first set of regions are spaced apart and 35 
generally parallel. The second set of regions are spaced 
apart and generally parallel and wherein the first set of 
regions Intersects the second set of regions to thereby 
define a plurality of containment zones. 
[001 pi The present invention also provides a method *o 
for selectively improving the strength, toughness and fa- 
tigue resistance of a structural member in a region of 
high operational stress. According to one embodiment, 
the method Includes casting the structural member In a 
pro-selected configuration. Alternatively; the structural 45 
member can be forged or fabricated as a wrought or ma- 
chined part Regions of the structural member having a 
comparatively high operational stress are ioterrtrned. The 
structural member Is secured to prevent m ovement. A 
region of the structural member having comparatively 50 
high operational stress is then mixed with a rotating fric- 
tion stir welding probe to tocaDy refine the grain structure 
of the structural member within the region of high oper- 
ational stress to thereby Improve the strength, tough- 
ness and fatigue resistance of the structural member ss 
within the region. The mbdng step can Include position- 
ing a friction stir welding probe adjacent the region of 
the structural member having comparatively high oper- 



ational stress, A rotating friction stJr wekfng probe can 
then be Inserted trtroupji the outer surface of the struc- 
tureJ member proximate to the region of high operational 
stress to tocaDy refine the grain structure of the high- 
stress region . The rotating friction stir welding probe can 
be moved through the structural member along a path 
corresponding to the region of high operational stress. 
The friction stir we Wing probe can be w&hdrawn from 
the outer surface of the structural member to thereby 
define a threaded opening at least paroafiy within the 
region of the structural member havirtg a locafiy rehned 
grain structure, tf desired; the structural member can be 
precfc>ftatibn hardened prior to or after the hserting step. 
(0011] After mbdng the region of the structural mem- 
ber having the comparatively high operational stress, 
the structural member can be machined to a corre- 
sponding pro-selected shape and thickness. A threaded 
opening can be mech toed at least partially wfthin the 
portton of the structural m 

grain structured The structural member can then be se- 
cured to other structural members to form the frame of 
an aircraft. 

10012) Accordingly, the present invention provides an 
improved structural assembly and associated , method 
of manufacture in which the as se m b ly Is constructed 
from structural members having enhanced strength, 
toughness and fatigue resistance in those regions sub- 
jected to comparatively Mgri operational stresses. The 
frnproved structural assembly wffl have an Increased op- 
erational life, as wet as require less stock material with 
a corresponding decrease in the overai weight of the 
assembly. 

Brief Description of the Drawings 

[0013] The foregoing and other advantages and fea- 
tures of the invention, and the manner in which the same 
are accomplished, wf I become more reatfily apparent 
upon consideration of the foBowtng detailed description 
of the invention taken in conjunction with the accompa- 
nying drawings, which iBustrate preferred and exempla- 
ry embodiments, and wherein: 

Figure 1 is a perspective view IBustrating a structur- 
al assembly, according to one embodiment of the 
present invention; 

Figures 2A-2D are cross-sectional views illustrating 
other exemplary embodiments of structural mem- 
bers according to the present invention; 
Figure 3A Is a cross-sectional view Illustrating a cast 
I-beam that has been selectively reinforced, ac- 
cording to one embodiment of the present Inven- 
tion; 

Figure 38 is a cross-sectional view BlustratJng the 
finish machined profile of the I-beam of Figure 3A; 
Figures 4A-4B are cross-sectional views Illustrating 
conventional I-beams being subjected to an after- 
natrng load, as is known in the art; 
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. Figure 5A Is a cross-eecoortal view Oustrating se- 
iectrve grain structure refinement of a structural 
member by mbdrtg the enl^ thickness of mem: 
ber, according to one embodiment of the present 

. irryention; ... . .. 5 

Figure 5B Is a cn»-6ectlonai view fltustnating se- 
lective graM structure r efi nement ..'of a ismjeturat 
mernc^ r^ mtdng a portion of the tNdmess of the 
member, according to another embodiment of the 
present invention; to 
Figure 5C is a croas-secftonaJ view Oustrating se- 
lective p/ain structure refinement of a structural 
member by mhdng the entire thickness of the mem- 
ber, according to stiH another ernbodirnent of the 
present invention; 15 
Figure 6 Js a perspective view JBustrating selective 
grain structure refinement of a structural member, 
accordkxg to one embooTmenl of the present Irrven- 

Bgure 7 A is a plan view fflustrating one embodiment so 
of a structural member according to the present in- 
vention having a ptura^^^-!^^^ rft^i 
Figure 7B is a perspective view Bustrating another 
emboo*rtent off a structural member according to 
the present invention having a pturaJfty of contain- 2S 
merit zones; 

Figure 7C is a plan view illustrating artpther embod- 
iment of a structural memb e r according to the 
present invention having an open curvilnear con- 
tainment zone; 30 
. Rgure 8 is a photograph Kustrating the propagation 
of cracks along the periphery of a region of locally 
refined grain structure, according to one embodi- 
ment of the present invention; 

Figure 9Ab a plan view ilustiating one embodiment 35 
of a structural member according to the present in- 
vention having a continuous area of tocaly refined 
grain structure defined by a piurafty of overlapping 
elongate regions of locally refined grain structure; 
Rgure 9B is a cross-sectional view eJong lines 9B- *o 
9B of Figure 9A off the structurai member of Figure 
9A; 

Figure 9C is a plan view itustrating the finish ma- 
chined profile of the structurai [member of Figure OA; 
Figure 9D Is a cross-sectional view along Ones 9D- 45 
9D of Figure 9C of the structural member of Figure 
9C; 

Figure 10 is a cross-6ectionaJ view illustrating one 
embodfrnent of a structural member according to 
the present Invention having a threaded opening so 
machined therein; 

Figure 11 is a pten view Hustrating one embodiment 
of a structural member according to the present in- 
vention having a window, 

Figure 12 is a perspective view illustrating one em- ss 
boclment of a tubular structural member according 
to the present Invention having spirally configured 
regions of locally refined grain structure; 



Rfire 13A tea perspective view ttistratirtg one em- 
bodfcnent of a cast structural member according to 
the present Invention prior to being shaped into a 
ttruBhed configuration; 

Figure 138 is a perspective view iflustrating the 
smjctoal member off Figure ISA after being shaped 
intote finished confio^ratiort; 
Figure 14A b a cw^ocAo^ ^m fUustratirt£ a 
_ t cas^ sdbrurt^ member having a recess machined 
therein; 

figure 148 is a ^ 

structural member of Rgure 14A having an insert 
postioned within the aperture; 
Rgure 14C is a plan view fflustrating trie insert 
joined to the structurai member of Rgure 14B 
through a weld Joint and a region of locaJry refined 
grain structure adjacent to the weid Joint, according 
to one emboolrnent of the present Invention; 
Figure 15 is a plan view Hustrating an insert joined 
through a weld Joint to a stnjcturai member and a 
region of tocaly refined grain structure adjacent to 
the weld joint, according to another embodiment of 
the present Invention; and 

Rgure 16 is a flow chart illustrating the operations 
perfiprmed, according to one embodiment of the 
present invention, in order to fabricate the structural 
assembly of Rgure 1 and the structural members 
of Figures 2-1 5. 

DetaSed Description of the Invention 

[0014] The present Invention now will be descrtoeti 
more fully hereinafter with reference to the accorr^any- 
ing drawings. In which r^eferred embodiments of the In- 
vention are shown. This invention may, however, be em- 
bodied in many dffferent forms and should not be con- 
strued as Kmited to the embodimertts set forth herein; 
rather, these em b o di men ts are provided so that this dis- 
closure will be thorough and complete, and will tolly con- 
vey the scope of the invention to those skilled in the art 
Like numbers refer to fike elemente throughout 
[0015] Refemngto meoYawingsand, in particular, to 
Rgure 1 , there is ilustrated a structural assembly 10 ac- 
cording to the present invention. The structural assem- 
bly 10 can be used in the construction of a variety of 
structures, including the frame of an aircraft The struc- 
tural assembly 10 is constructed of a piurafty of struc- 
tural members 11 that are welded together or secured 
using suitable fasteners 12. The structural assembly 10 
Ikistrated In Figure 1 includes two I-beams 14 and one 
planar member 15. However, other types of structural ' 
assemblies can be constructed, if so desired. Athough 
a variety of materials can be utilized, the structural mem- 
bers 11 are preferably formed from steel, stainless steel, 
magnesium, magne^um-based alloys generally, brass, 
copper, beryllium, berylHurrvcopper alloys, aluminum, 
alurrdnurn-based alloys generally, aluminum-zinc al- 
loys, aJuminum-copper alloys, alurmnunvitthium alloys, 
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or titanium. The structural members 11 can be ma- 
chined from stock material or cast As frustrated In Fig- 
ure 2A-2D, the structural members 11 can be cast or 
machined in a variety of configurations, as is known in 
the art. based upon the load requirements and other de- 
sign parameters of the structural ass embly 10. 
[0016] . As discussed above, timing use, structural as- 
semblies 10 are subjected to static and cycfic loads, as 
wefl as a variety of environmental conditions, tempera- 
ture variations, and severe acoustic and vfcratkxi envi- 
ronments, an of which create mechanical and thermal 
stresses, which are c?9ectiveV referred to herein as 
'operational stresses'- ^WhBe the entire structural mem- 
ber 11 is generaBy s ub jected to varying magnitudes of 
operational stress, certain regions of each structural 
member are typically subjected to comp ar a tiv ely Mooter 
magnitudes of operational stress. For example, refer- 
ring to Figures 4A and 4B .there b Dustrafted an 1-beem 
24 having opposed end portions 25a, b and a web 27 
interconnecting the end portions. One of the end por- 
tions 25a of the E4)earn24 is secured to a fixed support , 
structure 29 whBe the other end portion 25b is subjected 
to cycOc loading, such as an alternating load 13 in fac- 
tions 13a, b perpencficutar to the' plane of the web 27, 
as illustrated in Figure 4A, or an atemating bending load 
13c, as illustrated in Figure 48 , The cycle loading cre- 
ates moment toads where the web ^ interconnects with 
the end portions 25a, b. The moment loads result. In 
bending and shear forces, which, when combined with 
the notch effect of trie sna^ machined radfi 28 at the 
interconnection of the web and the end portions, gener- 
ally results in segments of the end portions 25a, b and 
the web 27 adjacent where the web Interconnects with 
the end portions being subjected to comparatively high- 
er magnitudes of operational stress In Brother embod- 
iment (not shown), die loads applied to an I-beam can 
be such that regions of comparatively high operational 
stress are located along the length of the web 27. Re- 
gions of cofTparatrvery hrgfi ctperational stresses can be 
identified from known mathematical equations and com- 
putational techniques, such as finite element analysis.. 
[00171 As illustrated in Rgurel.al (cast one stnjctural 
member 11 of the structural as sembly 10 defines one 
or more regions 16 having a locally refined grain struc- 
ture, which regions 16 at toast paraaSy ertccrnpaas a re- 
gion of comparatrvery high operational stress. Prefera- 
bly, the grain size within the locally refmed regions 16 
ranges in order of magnitude from approximately .0001 
to .0002 tehee (approximately 3 to 5 microns) and the 
grains have an equJaxed shape throughout the locally 
refined region, in contrast, while the grain structure of 
structural members 11 formed by casting varies in size, 
shape and orientation depending upon the composition 
of the cast alloy and the method of cooling the structural 
member after being cast, typically, the grain size of cast 
structural members ranges in order of magnitude from 
approximately .1 to .01 inches (approximately 2,5 to 25 
mm). Since the edges of a cast structural member cool 



more quickty than the Interior portions of the member, 
the prams of a cast structural member usually have a 
columnar shape at the edges of the member, transition- 
ing to a cufcac shape towards the interior of the member. 

5 (00161: As illustrated in Figure 6\ the regions 16 of lo- 
cally refined grain structure are formed by mixing or stir- 
ring a portion of the structural member 11 with a non- 
consumable ro6ltog WcOon stir weMng probe 1 8. To ef- 
fect mbang, the structural mernber11 is first secured to 

to a woricrabte of a friction stir wetfmg machme by means 
of a ccmrentionat ctemp (not shown). The rotating fric- 
tion stir welding probe 18 ts then Inserted through the 
outer surface 19 of the structural member 11 to a pre- 
selected depth. An opening can be predrilied or tapped 

15 through the outer surface of the structural member 11 
to receive the rotating probe, but preferably the rotating 
probe is thrust dfrectty Into and through the outer surface 
19 of tr» structural member tlV Once inserted irrtb the 
structural member, the rotating probe 18 Imparts mbdng 

so under the shoulder 20 of the probe by shearing action 
paralei to the outer surface 19 of the structural member. 
The rotating probe 18 also imparts mbdng around the 
threaded portion 22 of the probe parallel to the probe 
axis 23. See U.S ; Patent No. 5,460,317 to Thomas et 

25 aL for a general discussion of friction stir wekSng, the 
entire contents of which are incorporated herein by ref- 
erence. 

|0019] Tha depth the rotating probe 18 is Inserted into 
the structural member 11 depends upon the material 
so properties and cSmensfons of the structural member, as 
well as the types of loads that wil be supported by, and 
the magnitude of operational stress that wffl be applied* 
to, ,tha structural member. Cycfic or alternating loads can 
restil In micro-cracks inftfating on the surface of a struc- 

39 turaimernber rnthe 

ationai stress, which cracks can eventually result in fa- 
tigue failure of the structural member. In one embodi- 
ment, onfy a portion of the thickness of the structural 
member 11, such as the webs 17 of the I-beams 14 D- 

40 tustrated in Figure 1 and the surfaces of the structural 
members 11 illustrated in Figures 2A-2D, is selectively 
mbted to form regions 16 of locafiy refined grain struc- 
ture (referred to herein as partial-penetration mbdng"). 
For example, to partial-penetration mix a structural 

45 member having a tWckness of 1 1nch, the rotating probe 
can be inserted through the outer surface 19 of the struc- 
tural member to a depth of approximately 25 inches. 
Advantageously the regions 16 of locally refmed gram 
structure resist tha formation and propagation of micro- 

so cracks thereby selectively Improving the strength, 
toughness and fatigue resistance of the structural mem- 
ber 11 in me corresponding regions of comparatively 
high operational stress. 

(0020) tn another embodiment as illustrated In Figure 
5B, the probe is thrust to a depth D where the tip 18a of 
the rotating probe is a distance dfrom the opposite side 
19a of the structural member 11. During mbdng, the ro- 
tating probe 18 exerts approximately 1000 to 10,000 
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pound-force or more on the structural member 11, de- 
pending on the size of the probe and mo depth erf probe 
penetration, and generates sufficient tncuonai heal to 
raise the temperature of the portions of the structural 
member adjacent the rotating probe to between approx- 
imately 700 # F and a temperature just below the soidus 
oftr*eaJkjyfbrmmgTi» 

heat generated by the rotating probe 16 ki cornbtoation 
wth the force exerted by the probe on the structural 
rnejrnber can result in a fiorging-fike effect on me un- 
mixed portion 21 of the structural member between the 
rxorxtuplteandtheop 
member that locai^ 

mixed portion without the probe breaching the opposte 
side 19a. preferably, to refine the grain structure of the 
unmixed portion 21 of the structural member 11 be- 
tween the probe tip 1Sa and the opposite side 19a of the 
structural member, the probe 18 Is thrust into die struc- 
tural member to a depth D such that the probe tip Is a 
distance d of approximately .007 inches from the oppo- 
site side of the structural member. 
(0021] According to another, embodknent of the 
present invention, as illustrated in Figures 5A and 5C, 
the entire thickness of the structural member 1 1 can be 
mixed to define a region 16 of locally refined grain struc- 
ture {referred to herein as "full-penetration mixing"). 
FuIH^enetration mixing is preferred tor relatively thin 
structural members, such as structural members wtth 
thickness less than approximate*/ 25 Inches, but can 
also be employed to form regions 16 of locally refined 
grain structure in structural members with thickness 
greater than 2B inches. As ilustrated in Figure 5A, to 
fuli-penetration mix a structural member 11 with thick- 
ness less than approxknatefy 1.5 inches, the rotating 
probe 1 8 can be inserted into the outer surface 19 of the 
structural member and thrust through the entire thick- 
ness of the structural member such that the probe 
breaches the opposite side 19a of the structural mem- 
ber. After forming the region 16 of locally refined grain 
structure in the structural member, both skies 19, 19a 
of the structural member can be machined to provide a 
finished surface. 

(0022] When forming elongate regions 16 of locally 
refined grain structure, as dtecussed below, the rate of 
travel of the probe 18 through the structiiial member is 
dependent, in part, upon the thickness of the structural 
member 11. Typically, the rate of travel of the rotating 
probe through the structural member is proportional to 
the thickness of the member and ranges from approxi- 
mately 5 to 30 inches per minute. For structural mem- 
bers with thickness greater than approximately 1 .5 inch- 
es and, particularly, for structural members with thick- 
ness greater than approximately 3 inches ful-penetra- 
tJon mixing of the structural rnember is preferably effect- 
ed by partial-penetration mixing the structural member 
from both sides 19, 19a to thereby allow an increased 
rate of travel of the rotating probe through the structural 
member and to avoid breaking or damaging the rotating 



probe. As Hustrated in Rgure SC t a structural rnember 
with thickness greater than apprbrfrratery 1.5 inches' 
can be full-penetration mixed by inserting the rotating 
probe 18 into and through a first outer side 19 of the 
* structural member 11 to a depm a equai to a pre-setect- 
ed portion of the thickness of the 
form afirst region 36 of locafry nefined OTaJn structure. A 
rotating probe 18 can then be Inserted irto 
the opposite side 19a of the structural rnember 1 1 op- 
to posie to tiie first locally rofiheo* region 36 to a depth p 
to forma second region 3£eoflco^n^r>ed grain struc- 
ture. In one embodiment, the depth p Is approximately 
equal to tr»thtelmess of me structure less 
the insertion depth a of the probe in the first outer side 
15 19 of the structural member. In another ernbodxnent, the 
depth p is greater than the thickness of the structural 
rnember 11 leas the insertion depm a of me probe In the 
first outer side 19 such that the second region 36a of 
locally refined greuh structure at (east partially overlaps 
20 the first region 36 of iocaiy refined grain structure. 
[0023] For structural memters 11 having elongate re- 
gions of comparatively high operational stress, the ro- 
tating Itkaton stir welding probe 16 can be moved 
through the structural rfierrxjer 11 along a path corre- 
25 sponolng to the region of high operational stress, as il- 
lustrated by the arrow 30 in Rgure 6, to create an elon- 
gate region 16 of locally refined grain structure Accord- 
ing to one emboefcnent, as aruetrated In Figure 7A, for 
structural members 11 having continuous surface areas 
30 that are subjected to cornparativery high operational 
str es s es, a pfuraRy of re^rctng "ribs" 26, which ere 
elongate regions 16 of refined gram structure, can be 
formed in the structural member using a rotating friction 
stir weJdmg probe 18, 
3$ [0O24J As previously discussed and, as illustrated by 
the photograph of Figure 8, the regions 16 of locally re- ' 
fined grain structure resist the formation and propaga- 
tion of micro-cracks to 

ber such that the cracks 33 generally do not Ihtarsect or 

40 traverse the locally refined regions, but rather propagate 
along the periphery of the regions. In one embodiment, 
as illustrated in Figure 7B, reinforcing ribs 26 can be 
formed about the surface of the structural rnember 11 
so as to intersect other ribs to thereby define bounded 

45 regions or containment zones 32. Advantageously, the 
intersecting ribs 26 restrict the propagation of micro- 
cracks 33 formed in the surface of the structural member 
Id the area defined by the corresponding containment 
zone, thus, slgntlcantfy improving me fatigue resistance 

30 of the structural rnember in the region of comparatively 
high operational stress. For structural members 11 win 
thickness of approximately J5 inches or less, preferably 
the reinforcing ribs 26 defining the containment zones 
32 are formed by full-penetration mbring. For relatively 

ss thick structural members, tho reinforcing rtos 26 defining 
the containment zones 32 can be formed by partial -pen- 
etration mixing. Write the containment zones 32 illus- 
trated in Rgure 7B have rectangular configurations and 
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are dosed or completely bounded by remforcmgrfcs2fi, 
the containment zones according to the present Inven- 
tion can also be at least pertiafiy open or unbounded 
and can have other conTxjurations, induing both inear 
andcurvaitearconfioja^^ * 
edln Figure 7C, an elongate region 16 of locally refined 
grain structure can be formed having a curvfinear por- 
tlonia, such saVdhrtln spiral, that confines and 
redirects a propagating crack onto Use* to blunt the 
crac^andprevemtur^ ... 10 

[0025J ?l Ao«wdBng to another wnbop^r ie nt of the 
present irweTrtiort, as llustrated in Rgure6 9A and 88, 
for s>^nd men^OT ft having continue surfa« ar- 
easjhiar^^^ 

stress^'ov^ 15 
stru^r^ bin to formed to define a oDntmuous area 46; 
of Ib^ry refined pj^ . 
sdai^SpV'^l^^nBl menfcer 11 cori then be rjwh 
cftined to rernove^airy. excess material 3l to provide a 
structured rami!^ desired dimensions and so 

cpriflguialioh " AoS^antageousV, where the structural 
member 11 inctudes a flange or other protuberance 34 
that v#l be siibjected to c»nn?Mur8ilvely high ^operational 
stress, such as the one iflustrated in Rgure 9C, a con- 
tini»usarea«^^ 25 
machined to provide a prodiberance 34 haying setec- 
trvely Improved strength, toug^ess and fatigue resist- 
ance. ' V 1 . ... 
[0026] In another emboqlment, the outer surface 19 
of the structural rnember ft defines a notch, groove, ap- so 
erture or cither surface drscordinuity 35, which concern . 
trates stress . resulting m <»rr^>aratively high operational 
stress proximate to the Discontinuity. For example, as 
Illustrated' in Figure 9C, the structural member 11 can 
incA^ a sharp machined 39 
34 interconnects with the mart^ as aiustrated m Fig- 
ure 10, the stmctural rnember can indude a. threaded 
opening 37 to tacflttaie securing the rnember to other 
struchi^men^ .. 
as aiustratecl in Figure 1 1 f the structural member can *o 
indude ah aperture that defines a window or opening 
40 in an aerospace vehicle^ Prior to machining or fbmv 
ing a mreacted [opening $7 or other stress raising dis- 
continuity an area of the structural member 11 that 
at least parttafry enco^ 45 
mixed wffli a rota^g fttdk>n sjfir i^drhtj probe 18 to 
form a region 16 of locally refined grain structure. The 
mreaded ppenmg .37 or other olscortaiurty 35 can men 
be machined frito the putBr surface 19 of the structural 
member 11 such that me discontinuity 35 fe at least par- so 
telly contained wSftin the region 16 of locally refined 
grain structure. As illustrated in Rgure 10, the region 16 
of locally refined greJn structure preferably encompass- 
es and surrounds the threaded opening and extends 
away from the cerrterSne of the opening a distance rang- 55 
Ing from approximately the diameter of the threaded 
opening to twice the opening diameter The enhanced 
material properties d the mixed region 16 wffl compen- 
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sate for the Increased operational stress m the frnmedi- 
ate vlcmtty of the dtecontinufcy 35. 
[002?] m one errtoodxnent a threaded opening 37 is 
formed by mbdng me area of the structural member 11 
that encomp a sses the d fec ontinuty 35 wth a rotating 
miction stir weWir^ 

refined grain structure. The rotating probe 18, which 
preferably has threads w8h dimensions correspomfing 
to the mrearis of the mreaded opening 37, b moved 
through the structural member 11 to the location on the 
outer surface 19 of trwstnjctural rnember where the 
threaded opening Is to be formed and Is Inserted Into 
the member to a depth corresponding to the desired 
depth of the threaded opening, Once me rcfa^ probe 
18 is in the desired location and depth, rotation of the 
probe is dM^'tJnued. The newly formed region 16 of 
bcafly lef tj iedgraJn structure b then aflowedtocooland, 
thereafter, the probe 18 te wfmdrawn from the structural 
member 11 by urtthreacflng the probe from the stjucttrn^ 
mernbeitomerebyb^ 

vanta^eously; the threads of me threaded opening 37 
are en com pass ed by the region 16 of iocafiy reftned 
grain structure so that the threads wfl have enhanced 
material properties to compensate for increased opera* 
tionaJ stress. 

[0028] In another embodiment as illustrated in Fig- 
ures 3A and 38, the end portions 55a, b of a cast I-beam 
57 can be rntxed wth a rotating friction stir we Wing probe 
18 prior to flnaJ machining to form elongate regions 16 
of locally refined gram structure to compensate forme 
increased operational stress in the immebiate vfcrnfty of 
the srian^ mecKned ra« 

tercohnects with the end portions. The elongate regions 
16 of locally refined grain structure preferably 
define a continuous area 46 of locally reftrred gram smjc- 
ture that extends through the end portions 55a, b of the 
I-beam and at least partially into the corresponding ends 
of the web 54. After forming me elongate regions 16 of 
rocafty refined grain streets 

chined to remove excess material 53 to provide a struc- 
tural member 11 having the desired dimensions and 
cortfiguratKHK 

[0029} In another embodiment as inustrated in Figure 
13, a window or opening 40 fn a structural assembly (not 
shown), such as an aerospace vehicle, Is formed by 
casting a structural member 11 in a pre-selected con- 
figuration having the desired opening, as is known in the 
art Prior to final irtacnmin&ttie^ is 
mixed with a rotating friction stir weldmg probe 18 about 
at {east a portion of the drcurnferonce of the window 40 
to form a region or regions 16 of locally reftned grain 
structure that have enhanced material properties to 
compensate for increased operational stress in the im- 
metfate vicinity o* the cfiscontinufty 35. While the tocaJry 
refined region or regions 16 can be formed by partial- 
penetration mixing/preferably, me structural member 11 
is full-penetration mixed about the circurnference of the 
window 40 to form a pfurafity of overlapping etongate 
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regions 16 of focafiy refined grain £mictuna.Oveffepp(ng 
regions 16 of locally refined gram structure can ateo be 
formed on either end of the stnjcoiraJmernber 11 to de- 
fine .continuous, areas 46 of locally refined grain struc- 
ture that at least partial enco mpa ss a pturafty of 
threaded openlngB 37 for securing the structural mem- 
ber to other structural members to form the structural 
assembly- After forming the region or regions 16 of lo- 
cally refined grain structure, the structural mernber 11 
can be machined to remove excess material 53 to pro- 
vide a structural member having the desired o%T>ensk>rts 
and exploration ^ 1? . 

[OC30J referring to Figure 12, there is Ilustrated a 
cast tubuiar structural rTiember11, according to orieem- 
boolmeni of the present Invention, that wil be subjected 
to a. torque load 42. The torque load wil result in the 
structural member 11 being subjected to cornparatlvely 
higher magnitudes of operattonaJ sheer stress sucn t^ 
the expected failure mode is a 45* heucaly shaped 
shear failure zone. To compensate for increased oper- 
ational stress, tr« structural rnember is pref erably mixed 
wth a rotating friction stlrwokfing probe 16 to define one 
or more elongate regions 16 of localy refined grain 
structure having a spiral configuration. A 
whBe the unmixed portions 43 off the cast structural 
member 11 are relatively brittle, the locally refined re- 
gions 16 are relatively ductfe and, thus, provide zones 
for yielding thereby ^ improving the strength, toughness 
and fatigue resista n ce of the structural mernber 11 In 
the corresponding regions of comparatively high oper- 
ational stress. 

£0631] In another emboolment, as ilustrated in Fig- 
ures 13A and 13B, a cast structural member11 is sub- 
jected to machlnlhg during fabrication, such as stretch* 
ing a portion of the structural mernber to shape the n>an- 
ber into a desired configuration. Prior to performing the 
machining operation, an area of the structural mernber 
11 that at least partially encompasses the area that wil 
be machined can be mixed with a rotating friction stir 
welding probe 16 to form a region 16 of localy refined 
grain structure that has improved ductility and forrnabil- 
rty relative to the unmixed portions of the cast structural 
mernber. The structural mernber can then be machined 
into tho do6red configuration, as is known in the art. Ad- 
vantageous** as Ilustrated in Bgure 1 38, when the ma- - 
chining operation is performed, the stretching wil occur 
in the Jocaily refined region 16 such that any details cast 
into the unmixed portions 43 of the structural member 
11 adjacent the lc<^refir>ed nogk)n wil remain dimon- 
sJonaty stable throughout the machining operation. £ 
10032] According to another emboolment off the 
present invention, the structural mernber can include 
one or more inserts joined to the mernber through a weld 
Joint formed by either a fusion or non-fusion welding 
process. For example, as Ilustrated In Figures 14A- s 
14C, the structural rnember 51 Includes an insert 51a 
joined to the member through a friction sbr weld joint 52. 
Referring to Figure 14A, the structural rnember 51 can 



Include a mflted recess or aperture 56 having dimen- 
sions corresponding to the Dimensions of the Insert 51* 
such that the insert can be sljp or press fittothestruc- 
turai rnember prior to weldrvg. VVrile the insert^ a can 
comprise the same material as the structural mernber 
51 . preferably, the Insert cxxnprteee a different material: 
State!* the Insert and stnjctural member can be 
formed from the same or a^dPerertt fabrication process, 
sue* as casting or as a wrought or machined cornpo- 
nent, to another enxxximent, as Ulustraled fn Figure 15, 
the insert $1b can ccrnpti se a fining for an aperture 56 
defined by the structural mernber 51 ar^ wherein toe 
Insert Is joined to the structural member by a fusion weld 
joint 52. The transition in grain size and' structure be- 
tween the insert 51b and the structural rnember 51 at 
the weld joint 52, particularly where the Insert is formed 
of acireremmaterJaJorao^ 
creates stress risers resulting to corrparafjvely op- 
erational stress. To cprnpensate for Increased opera- 
tional stress due to grain size disconttouiy, the structural 
member 51 arid insert 51b are pre fera bl y mixed wfth a " 
rotating friction stir welding probe 16 adjacent to, and 
along the path of. the weW joint 52 to define one or more " 
elongate regions IB of locally refined grain structure. 
29 IP033] According to another embodiment (not 
shown), the structural member defines an external or 
Internal defect that c or ic ^ 
riara^veiy high orjeraiioiial stress raroo^ 
feet. For example, an external defect In a cast structural 
90 mernber may include, gas or blow holes corrinwicating" 
with the surface; inclusions, such as scale or oxides; or 
hot tears and cracks due to shrinkage after casting. In? 
temal defects in castings may include Internal shrink- 
age. An external defect in a forging may Include laps, 
35 laminations, stivers, scabs, seams, bark, or cracks. To 
compensate for increased operational stress and heal 
the defect, the structural member is preferably mixed 
wtth a rotating friction stir wekflng probe to define one 
or more regions of locally refined grain structure. 
*° 10634 Once a region 16 of locally refined grain struc- 
ture having a desired shape and length is formed in the 
structuraimerriberll.the rotating probe 18 is withdrawn 
from the member. The withdrawal of the rotating probe 
18 can result In an irregularity in the outer surface 19 of 
» the structural member 11. to one ernboorment (not 
shown), the portions of the structural rnember contain- 
ing any irregularities caused by t^ 
tattog probe 18 can be cutaway or fated. Preferably, the 
structural member 11 Is then machined Into a pre-se- 
» tected shape and thickness, as required by the specific 
design loads and specifications of the resulting structur- 
al assembly 10, or to obtain the desired surface finish. 
For example, a CMC milling machine can be used to ma- 
chine the structural mernber 11 as necessary. 
* [0035] The rotation of the friction stir welding probe 
1 8 within the structural member 1 1 generates sufficient 
heat energy to plastictze the surrounding material there- 
by creating a severely oefor^ refined grain 
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structure. In addition, the mixing proce ss eftninates 
voids, thus, Increasing the derjsty of the stnjc^^ 
ber 11 in the mixed regions 16* Advantageously, the re- 
gions 16 of tocafiy refined gram structure have sigrtifH 
cantty enhance d s tre ng th, toughness andfaUgpe res£f- 
anca In comparison to the unmixed portions of the strue- 
tural member 11. Since the reojoro 16 ol loca^ refined 
grajn structure enoomj^ss ^ of the 

region that is antfcj^^ 
opeta^aJstre^ther^ 

structure afiow the resulting region to better wfthstand 
the high opeiatt^ sfiw^ 

rial probities of the mbed regforis 16 of tf» sSucluraJ 
members 11, the thickness of the structural members in 
those areas having mixed regions may be recfcjced to 
thereby obtain a reo^im to a 
structural assembly 1 10 dortstnicteo* according to the 
present irrvention. ■V-*-*-' 
[0036] The structural' members r'11 may also be pre- 
cipaation hardened to improve the materia! properties 
of the unmixed portions of the m em b er s . This is partic- 
ularly advantageous for aluminum aSdys. Precipitation 
hardening of jimM^i^ 

chanicaJ properties of the metal eJtoy are i rnproved by 
the formation of uniformly dispersed particles or precip- 
itates of one or more secondary phases wttnm the'orig- 
inal phase matrix. As' is jmowm in me'art 'precipitBtibn 
hardening re^mW^'rneW aDoy undergo tiwo heat 
treatment processes, me first process being a solution 
heat treatment and the second process being a precip- 
itation heat treatment, bom of which are conducted at 
preoetermmedtefixx ^atu re schedules, WrtOe preopfta- 
tion hardening may be conducted eft her before or after 
locafiy refinfrig the grain structure of the structural mem- 
bers 11 ^ ^teratty me precipaafioh fetfderring process 
is conducted after forming the regions 16 of locally re- 
fined grain structure When precipit a tion hardening a 
structural member alter locally refiling the grain struc- 
ture of the member, the regions 16 of tocaJry refined 
grain structure should be sufficiently heated during mix- 
ing so as not to create an excessive amount of residual 
stress between the locally refined regions and the un- 
mixed portions of the structural member. 
[00371 Referring now to Figure 16, there is austrated 
the operations p^ormed to manufacture a structural 
member acconfirrg to one ernbpoiment of the present 
invention! The first s^'inclu'de^bastifig the structural 
member in a pre-setected con^gurafion. See block 60. 
Regions of the structural member having ccrnparativeJy 
high; operational stress are Identified, such as by math- 
ematical analysis or based upon prior experience. See 
Wock 61 . The structural member may be precipitation 
hardened to initially improve the material properties of 
the entire rnember. See block 62. 
[0038] The structural rnember is then secured to pre- 
vent movement. See block 63. A friction stir welding 
probe is positioned adjacent a region of the structural 
member having a cornparetrveiy high operational stress. 



See block 64. A region of the structural member havtng 
a comparatively high operational stress is then mixed 
with a rotating friction stir welding probe to locally refine 
the grain structure of the structural member within the 
region of high operatk^ stress to thereby knprove the 
etrenffi , toughness and fatigue resistance of the struo 
rural member in the region. See block 65. The mixing 
step Incites brrseftirtg a rotating friction sat weftfing 
probe through trie outer surface of the structural mem- 
ber proximate to the region of high operational stress to 
loca^rB^wmeo/aln slnKture of the high stress region. 
Seel Mock 6& The mb^ 

the rotating friction st* weialng probe thro^ the struc- 
tural member along a path corresponding to the region 
of high operational stress. See block 67. In one pre- 
ferred embocfiment, the securing, positioning and mix- 
ing steps are repealed to form more than one region of 
tocafiy refined pjam structure wtrx* 
ber. In another preferred embedment, the posttoning 
arkl e miirmp; f ste^ the desired 

number of regions of locally refined gram structure with- 
in The structural rnember, lor example, a pfciraay of re- 
inforcing rft» that are spaced apart and generafly paral- 
let In one efrtxximent, the friction stir welding probe is 
withdrawn frOT^ mem- 
ber to thereby define a threaded opening at least par- 
tially within the region of the structural member havtng 
a locally refined grain structure after the inserting step. 
See block 6a 

[00391 The staictiWrh^^ machined to a 

correspondmg pre-selected shape and thickness. See 
block 69. A threaded opening can be rnachined at least 
partiaBy wfthm the portion of the structural rnember hav- 
ing a tocatty refined grain structure. See Mock 70. The 
structural rne r nb e* certtiten beptecii^ a tion hardened. 
See block 71. The structural member is then secured to 
ottter structuial I rierribers to fbrnimeframe of 
See- block 72. ' 

[0040] Thus, the present Invention provides an im- 
proved structural assembly and associated method of 
rrem u facture in which the assembly is constructed from 
structural members having enhanced strength, tough- 
ness and fatigue resistance in those regions subjected 
to comparatively high operational stresses. The im- 
proved structural assembly wil have an Increased op- 
erational Bfe and refiaMRy, as well as require less stock 
material with a corresponding decrease in the overall 
weight of the assembly, m adcfitton, me improved meth- 
od of manufacture also allows for the employ me nt of 
more castings, which are typically less expensive to fab- 
ricate than an equivalent wrought or machined compo- 
nent, ^construction of structural assemblies for the aer- 
ospace industry. 

(0041] Many modfflcations and other em b o uT ii w r its of 
the trrvention wW come to mind to one skated in the art 
to which this Invention pertains havlrig the benefit of the 
teachings presented in the foregoing descriptions and 
the associated orawings. Therefore, ft is to be under* 
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stood that the Invention Is not to be Unrdted to the specific 
embodiments ofcciosed and that rnodtflcadons and oth- 
er embodiments are intended to be included within the 
scope of the appended claims. Although specific terms 
are employed herein, they arc used in a generic and de- 
scriptive sense only and not for purposes of limitation. 



Claims 



1. A structural member, comprising: 



a first region characterized by comparatively 
high operational stress; and 
a second region having a more refined grain 
structure than other portions of the structural 
member, said second region at least parrJafly 
encompassing said first region to thereby se- 
lectively improve the strength, toughness and 
fatigue resistance of the structured member in 
said first region. 

2. A structural assembly, comprising: 

a piuralty of structural members, said pluraliy 
of structural members being secured together 
to form the structural assembly; and 
wherein at least one of said plurality of structur- 
al members defines a first region character- 
ized by comparatively high operational stress 
and a second region having a more refined 
grain structure than other portions of the struc- 
tural member, said second region at least par- 
tlalry encompassing said first region to thereby 
selectively improve the strength, toughness 
and fatigue resistance of said at least one struc- 
tural member in said first region. 

3. A structural assembly as defined In Claim 1 or 2 
wherein said at least one structural member defines 
a threaded opening at least partialry contained win- 
in said second region. 

4. A structural assembly as defined in Claim 1 , 2 or 3 
wherein said piuralty of structural members are 
formed of materials selected from the group con- 
sisting of steel, stainless steel, magnesium, mag- 
nesium-based alloys, brass, copper, beryllium, be- 
ryllium-copper alloys, aluminum, ahimlnum-based 
alloys, aluminum-zinc alloys, aJiimmum-copper al- 
loys, alumtnum-ithium alloys, and titanium. 

5. A structural assembly as defined in any of Claims 
1-4 wherein said at least one structural mernber has 
an ^shaped configuration having opposed end por- 
tions and a web interconnecting the end portions, 
and wherein said second region Includes at least a 
portion of the web. 



6. A structural assembly as defined in any of Claims 
1-6 wherein said second region includes at least a 
portion of at least one of said opposed end portions. 

* 7. A structural assembly as defined in Claim 9 wherein 
said at least one structural member has a tubular 
configuration. 

8. A structural assembly as defined in any of Claims 
10 1-7 wherein said at least one structural memberde- 
fines a pturafty of regions having refined grain 
structures, said regions being spaced apart and 
generaly parallel. 

15 9* A structural assembly as defined in any of Claims 
1 -8 wherein said at least one structural member de- 
fines a first set of regions having refined grain struc- 
tures and a second set of regions having refined 
grain structures, said first set of regions being 

20 spaced apart and generally paralel, said second 
set erf regions being spaced apart and generally par- 
allel, and wherein said first set of regions intersects 
said second set of regions to thereby define a plu- 
rality of containment zones. 

25 

10. A structural assembly as defined in any of Claims 
1 -e wherein said plurality of structural members are 
secured together to form the frame of an aircraft. 

90 11. A method for selectively improving the strength, 
toughness and fatigue resistance of a structural 
member in a region of high operational stress, the 
method comprising: 



45 



securing the structural member to prevent 
movement; 

identifying a region of the structural member 
having a comparatively high operational stress; 
positioning a friction stir welding probe adjacent 
the region of high operational stress; and 
thereafter, inserting a rotating friction stir weld- 
ing probe through the outer surface of the struo 
turai member to locally refine the grain struc- 
ture of the structural member within the region 
of high operational stress to thereby Improve 
the strength, toughness and fatigue resistance 
of the structural member in the region. 

12. A method as defined in Cialm 1 1 , further comprising 
casting the structural member In a pro-selected 
configuration prior to said securing step. 

13. A method as defined in Claim 1 1 or 1 2, further com- 
prising moving the rotating friction stir welding 
probe through the structural member along a path 
corresponding to the region of high operational 
stress after said inserting step. 
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14. A method as defined in Ctcrim 11, 12 or 13, further of an aircraft 
comprising withdrawing; the friction stfr* wekfing 

probe from the outer surface of the structural mem- 
ber to thereby define a threaded opening at least 
partially within the region of the structural member s 
having a locally refined grain structure after said In- 
serting step. 

15. A method for selectively improving the strength, 
toughness and fatigue resistance of a structura) fo 
member in a region of high operational stress, the 
method comprising: 

securing a structural member to prevent move- 
ment; ~ is 
identifying a region of the structural member 
having a comparatively high operational stress; 
thereafter, mixing the regton of the structural 
member having a comparatively high opera' 
bona! stress with a rotating flicoon stir welding so 
probe to locally refine the grain structure of the 
structural member wRhih the region of high op- 
erational stress to thereby improve the 
strength, toughness and fatigue resistance of 
the structural member in the region. 25 

16. A method as defined in Claim 15, wherein said mix- 
ing step comprises: 

inserting a rotating friction stir welding probe 30 
through the outer surface of the structural mem- 
ber to - locally refine the grain structure of the 
structural member wftrrfn the region of high op- 
erational stress; and ; 

thereafter, moving the rotating friction stir weld- 35 
ing probe through trie structural member along 
a path co responding to .the region of high op- 
erational stress. 

17. A method as defined in Claim 1 6, further comprising 40 
machining the structural member to a correspond- 
ing pre-selected shape and thickness after said in- 
serting or mixing step 

18. A method as defined In Claim 15, 16 or 17, further 
comprising machining a threaded opening at least 
partially within the region of the structural member 
having a locally refined grain structure after said in- 
serting or mixing step. 

so 

19. A method a3 defined in any of Claims 15-1 8, further 
comprising the step of precipitation hardening the 
structural member prior to inserting or said mixing 
step. 

55 

20. A method as defined in any of Claims 15-19, further 
comprising the step of attaching the structural mem- 
ber to other structural members to form the frame 
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f. c = r^—r-x^y 



j Identifying regions of the structured mere*** having comparatively 
high operational stress. 



\ precipitation hardening the structured member. 



I Seajred the structural member to prevent rrwvem 



Positioning a frtction stir wefafing probe adjacent a region of the l^ 64 
structural member having a comparatively high operational stress. | 



Mixing a region of the structural I member having a con ipai all very V 
frigh operational stress with a rotating friction sSr wekfing probe to 
locally refine the grain structure of the structural member within 
the region of high operational stress to thereby improve the 
strength, toughness and fatique resistance of the structural 

member In the region. 

J 



Moving the rotating friction stir welding probe through the 
structural member aiong a path corresponding to the region 

» » » t , — i..nl?ri mil 

h*pi operaoonai 



WfflKfrawingthefncaonsfir^ 
surface of the structural member to thereby define a threaded 
opening at least parfia&y wiWn the region of fte structural 
member having a locally refined grain structure after the 
Inserting step. 



I 



Machining the structural member to a corresponding pre- 
setected shape and thick ness . 



Securing the structural member to ot structural members 



to form the frame of an aircraft. 

FIG. 16. 



outer surface of the structural member proximate to the region 
of high operational stress to locally refine the gram structure 
of the high stress region. 
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Machining a threaded opening at least partially within the 

portion of the structural merrtber having a locally 
refined grain structure. 

1 Z~71 

Prectottatton hardening the structural member. f 
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